ABSTRACT: Here, we have developed a novel approach to the visual detection of molybdate with high sensitivity and selectivity in aqueous media based on the combination of catalytic formation of iodine and iodine-mediated etching of gold nanorods. In weak acid solution, like peroxidase, molybdate can catalyze the reaction between H 2 O 2 and I − to produce I 2 , a moderate oxidant, which then etches gold nanorods preferentially along the longitudinal direction in the presence of hexadecyltrimethylammonium bromide. The etching results in the longitudinal localized surface plasmon resonance extinction peak shifts to short wavelength, accompanied by a color change from blue to red. Under optimal conditions, this sensor exhibits good sensitivity with a detection limit of 1.0 nM. The approach is highlighted by its high selectivity and tolerance to interference, which enables the sensor to detect molybdate directly in real samples, such as tap water, drinking water, and seawater. In addition, perhaps the proposed sensing strategy can be also used for other targets that can selectively regulate the formation of I 2 under given conditions.
■ INTRODUCTION
In recent years, gold nanoparticle-based visual detection methods have attracted considerable attention because of their simplicity, sensitivity, as well as the potential application to on-site detection. 1−4 Most of these methods are based on the strategy that targets directly or indirectly trigger the aggregation of functionalized gold nanoparticles. The aggregation of gold nanoparticles can lead to a red-shift of the distance-dependent localized surface plasmon resonance (LSPR) absorption of gold nanoparticles, resulting in a visible color change from red to blue. The obvious color change provides a practical platform for colorimetric sensing of various targets, including metal ions, anions, small organic molecules, oligonucleotides, and proteins. However, in most cases, the nanoparticle-aggregation-based methods require complex require tedious and relatively uncontrollable labeling steps to incorporate analyte recognition reagents onto the nanoparticle surface. In addition, almost all of the nanoparticle-aggregation-based visual detection methods suffer from the autoaggregation of nanoparticles in complex samples (e.g., seawater), which often causes high backgrounds and even false positive results. To some degree, the two disadvantages inherently limit the application of these methods.
To avoid the disadvantages in the foregoing paragraph, recently a promising platform based on etching of gold nanoparticles has been developed for visual sensing of some targets, including Cu , H 2 O 2 , and glucose. 5−19 The mechanism of this strategy is based on the shape-or size-dependent LSPR absorption of gold nanoparticle. The etching leads to the morphological change of gold nanoparticle, resulting in the change of the LSPR absorption. For this platform, no labeling step and nanoparticles aggregation are required. Thus, this kind of sensor often not only can avoid a tedious procedure to modify nanoparticles but also gets rid of a false positive signal due to the autoaggregation of nanoparticles. Unfortunately, this platform can be only used to sense very limited analytes. To date, these analytes can be divided into three types: (i) analytes (H 2 ). Therefore, to expand this kind of sensor will be a very interesting and meaningful work.
Molybdenum, existing mainly in natural water as molybdate, is an essential trace element for plants and animals, including humans. 20, 21 However, at high concentration, molybdenum can be toxic to humans, plants, and animals. As recommended by the U.S. EPA, the molybdenum in daily drinking water should be less than 50 μg L −1 (255 nM) for adults. 21 Thus, many sensitive methods, including AAS, 21, 22 20, 32, 33 have been established for the detection of molybdenum. In general, due to the avoidance of a sophisticated instrument and that the detection signal can be observed by the naked eye, the colorimetric method is more suitable for on-site detection. However, existent visual methods for molybdenum based on the formation of colored organic dye−molybdenum complex or catalytic spectrophotometry often face poor sensitivity. High sensitivity also plays a very significant role in the accuracy of detection. Because the components of most sample matrixes (e.g., seawater) are very complex, they often interfere with the accuracy of detection. So, highly sensitive sensors are often required to allow for sufficient sample dilution and effectively reduce the matrix interference.
Molybdate has a peroxidase-like activity that can catalyze the oxidization of iodide by hydrogen peroxide to produce iodine. Inspired by this, we proposed a nanoparticle-based visual detection method for sensing of molybdate at nanomolar concentrations. The principle for the method is based on that the molybdate accelerates the production of iodine, a moderate oxidant, which can etch cetyltrimethylammonium bromide (CTAB) stabilized gold nanorods (GNRs) along the longitudinal direction. The etching results in a blue-shift of the longitudinal LSPR absorption of GNRs and an obvious color change from pale blue to red, providing a spectrometry or visual method for sensing of molybdate in complex water matrix, such as drinking water, tap water, and seawater. Because of the high molar extinction coefficient of GNRs, the proposed method obtains high sensitivity with a detection limit of 1.0 nM, which is lower than that of almost of all existent visual methods. Scanning electron microscopy was performed on a Hitachi FE-SEM S-4800 instrument operated at 5.0 kV. Absorption (extinction) spectra were measured on a Thermo Scientific NanoDrop 2000/2000C spectrophotometer. ESI−MS were determined on a LCQ Fleet ion trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA).
■ EXPERIMENTAL SECTION
Preparation of Gold Nanorods. The GNRs were synthesized using a modified method by changing the amount of AgNO 3 . 34 (1) Seed Solution: To 7. The mixture solution was incubated at 50°C for 15 min and then subjected to record the extinction spectra.
Detection of Molybdate in Real Samples. Different concentrations of molybdate were spiked in drinking water, tap water, and seawater. 100 μL was added into 800 μL of acetate buffer solution (pH 3.6, 0.23 M). A detection procedure similar to that described above was conducted.
■ RESULTS AND DISCUSSION
Principle for the Etching of GNRs. Molybdate is a peroxidase-like chemical that can accelerate the reaction between iodide and hydrogen peroxide to produce iodine in acid solution. 35, 36 The produced iodine, a moderate oxidant, can cause the corrosion of CTAB stabilized gold nanorods. Scheme 1 illustrates the sensing mechanism for the detection of molybdate based on catalytic etching of GNRs. Light blue CTAB-stabilized GNRs with an average aspect ratio of 2:1 ( Figure 1A ) in acetate buffer (pH 3.6) exhibited a strong longitudinal LSPR band and a weak transverse LSPR band near 660 and 520 nm, respectively (curve a in Figure 1D ). 37 The addition of iodide (0.5 mM) and hydrogen peroxide (0.2 mM) caused the disappearance of corner angles on the GNRs surface and a blue-shift of the longitudinal LSPR from 660 to 624 nm after incubation at 50°C for 15 min, accompanied by a slight color change ( Figure 1B , curves a and b and digital photos a and b in Figure 1D ). This result means that the GNRs were corroded slowly by hydrogen peroxide in the presence of iodide. It has been reported that H 2 O 2 can directly etch gold nanorods in the presence of CTAB. 38, 39 Most recently, Ni and co-workers also proposed and certified a Br 3 − mediated etching of GNRs by H 2 O 2 . 40 However, in our system, 0.2 mM H 2 O 2 induced a very tiny change of LSPR of GNRs with the presence of 10 mM CTAB ( Figure S1 ), which is also consistent with the previous results that H 2 O 2 below 10 mM led to negligible oxidation of GNRs. 40 In addition, the heating effect (50°C) on the blue shift of LSPR was also excluded because of the ignorable influence on the absorption spectrum of GNRs ( Figure S2 ). So, the corrosion of GNRs was probably caused by the tiny amount of iodine coming from the chemical reaction between hydrogen peroxide and iodide, which was very slow in the absence of appropriate catalyst. The preferential corrosion of the corner angles results from the less surface passivation and/or the higher reaction activities at the tips. 39, 41 With the presence of 50 nM of molybdate, the reaction between hydrogen peroxide and iodide was accelerated and large amounts of iodine were produced, leading to quick etching of GNRs along the longitudinal direction. The etching turned GNRs almost into a sphere and led to a blue shift of the longitudinal LSPR from 624 to 560 nm, accompanied by an obvious color change from light blue to red ( Figure 1C , curve c and digital photo c in Figure 1D ). It is worth noting here that only molybdate would not etch GNRs without the presence of hydrogen peroxide and iodide (curve d and digital photo d in Figure 1D ). This phenomenon provides a possibility for the visual detection of molybdate.
To investigate the intrinsic mechanism of the etching GNRs, several control experiments were implemented in the following steps. Figure S3 shows the UV−vis spectra in acetate buffer solution (pH 3.6) containing different chemicals, including I , and H 2 O 2 produced strong absorption in the range from 400 to 800 nm and the solution turned to dark blue ( Figure S4 ), further suggesting large amounts of iodine were produced. It is well-known that peroxidase can catalyze the oxidation of I − by H 2 O 2 . As a comparison, the horseradish peroxidase (HRP) was used to replace MoO 4 2− for the parallel experiment. The addition of HRP also resulted in the formation of iodine ( Figures S5 and  S6 ). These results mean that molybdate has a peroxidase-like activity that can accelerate the reaction between iodide and hydrogen peroxide under pH 3.6. Now that the presence of MoO 4 2− accelerates the formation of iodine, it is necessary to prove that iodine can corrode GNRs in aqueous solution theoretically and experimentally. It was reported that I 3 − solution is an effective reagent to leach gold from ores. 43 The leaching of gold in an iodide electrolyte can be discribed as an electrochemical process as follows, where ϕ 0 is the standard reduction potential vs normal hydrogen electrode (NHE):
anodic: Au 2I AuI e 0.578 V 
The overall reaction is therefore To verify the speculation mentioned above experimentally, several control experiments were implemented. Figure 2 shows the extinction spectra of Tween-20 stabilized gold nanoparticles after incubation with different chemicals, including I − , I 2 , and CTAB (note the use of gold nanoparticles avoided the introduction of CTAB in the synthesis procedure). The Tween-20 stabilized gold nanoparticles exhibited a strong LSPR band around 523 nm (curve a). The addition of 50 μM I 2 resulted in a slight decrease of the LSPR adsorption, indicating gold nanoparticles were etched by I 2 slightly (curve b). For lack of I − , the formation of insoluble AuI capped on gold nanoparticles and hindered the further oxidation of gold nanoparticles. 43 In the coexistence of 50 μM I 2 and 0.5 mM I − , the LSPR band of gold nanoparticles decreases drastically (curve c). The result means that the presence of I − promoted the etching of gold nanoparticles due to the formation of soluble AuI 2 − . 43 The same result was obtained in the coexistence of 50 μM I 2 and 10 mM CTAB (curve d). Curve e indicates that CTA + and I − (halide ions) have a synergy effect on the oxidation of gold nanoparticles. The result is also similar to the ethanediamine-thiosulfate system, which was applied to leaching of gold from ores. The positive effect of CTAB on the etching of gold nanoparticles may be due to the formation of ion-association compound between Au(I) halide and CTA + , which not only reduced the reduction potential of Au(I)/Au, 44 making the reduction of I 3 − by gold nanorods more thorough, but also eliminated insoluble AuI on gold nanoparticles' surface. 45 To further prove the gold was oxidized to (I) instead of Au(III), the etching products were certified by extinction and mass spectra. The extinction spectrum ( Figure S7 ) shows no characteristic absorption peaks for AuBr 4 − (260 nm, 390 nm) 46 and AuBr 4 − −(CTA + ) 2 (400 nm), 44, 47 in the range from 200 to 800 nm, indicating GNRs were probably oxidized to Au(I). It is also reasonable in theory because Au(III) cannot coexist with iodide in acidic condition. 48 The peaks at 290 and 360 nm are attributed to the production of I 3 − , 42 which is consistent to the absorption spectra of I 3 − in Figure S3 On the basis of the above experimental results and our previous work, 9 we proposed a possible etching reaction described as follows: Sensitivity and Specificity of the Visual Detection for Molybdate. As mentioned above, the outstanding catalytic property of MoO 4 2− on the etching of GNRs possibly provides an approach for sensitive determination of MoO 4 2− by naked eye. Figure 4 shows the responses of the nanoparticles-etchingbased sensor to different concentrations of MoO 4 2− under optimal conditions (pH 3.6, KI 0.5 mM, H 2 O 2 0.2 mM, incubation temperature 50°C, measuring time 15 min, Figures S8−S12). The longitudinal LSPR peak of GNRs shifted to short wavelength gradually with the increase in MoO 4 2− concentrations in the range of 0−100 nM ( Figure 4A ). The LSPR peak of GNRs almost disappeared when the concentration of MoO 4 2− increased to 200 nM, indicating the GNRs were oxidized completely. In addition, a linear relationship between the peak-shift and MoO 4 2− concentrations in the range of 3−70 nM can be obtained ( Figure 4B ). The detection limit was calculated to be 1.0 nM according to the S/N = 3 rule, which is lower than that of most visual sensors and is comparable to the results obtained by AAS, ICPMS, spectrophotometry, fluorescence, etc. (Table 1 ). The digital photo ( Figure 4C) shows that the color of GNRs' solutions changed from blue to red with the increase in MoO 4 2− concentration. The color change as induced by 10 nM MoO 4 2− can be easily observed by the naked eye. To the best of our knowledge, the visual detection limit, 10 nM, is among the lowest reported for the detection of molybdenum.
The specificity of the sensor toward MoO 4 2− was evaluated by examining the extinction spectra of GNRs in acetate buffer solution in the presence of various other cations and anions, Figure 5 . It was found that the color and maximum absorption wavelength of GNRs changed very little with the addition of those ions. However, the addition of 50 nM MoO 4 2− caused the solution color to change from blue to slight red, accompanied by a significant peak shift of 63 nm in the longitudinal LSPR peak. The interference of other ions on the sensing of MoO 4 2− was also evaluated by mixing the ions mentioned above and GNRs in acetate buffer solution in the presence and absence of MoO The other reason is that only MoO 4 2− possesses the peroxidaselike activity that can catalyze the oxidization of iodide by H 2 O 2 to produce iodine under the pH 3.6, which means molybdate was not consumed in the etching process. The catalysis oxidation process can produce an abundance of etching reagent, iodine, within limited time and therefore improved the sensitivity for sensing of molybdate. The high sensitivity means that a low concentration of molybdate can be detected even in the presence of high concentrations of other ions.
Detection of Molybdate in Real Samples. To test the applicability of the proposed method for molybdate detection, real samples, including drinking water, tap water, and seawater, were tested using this method. To reduce the interference of sample matrix and get more accurate results, the samples were diluted by 10 times. Table 2 showed the detection results using the proposed method. The detection results were consistent with the spiked concentrations. This indicates the method could be a promising tool for the rapid on-site monitoring of molybdate.
■ CONCLUSION
Here, we have developed a sensitive and selective approach for the visual sensing of molybdate in aqueous media based on enzymatic-like etching of GNRs. As compared to other sensors for the detection of molybdenum, our sensor shows a rapid response (15 min) and sensitivity toward molybdate, with a detectable range from 3 to 70 nM. To the best of our knowledge, the visual detection limit, 10 nM, is among the lowest reported for the visual detection of molybdate. The excellent visual sensitivity not only avoids sophisticated apparatus but also allows sufficient sample dilution. As compared to traditional nanoparticle-aggregation-based methods, this nanoparticle-etching-based method can avoid false positive results coming from autoaggregation of nanoparticles. Because of these intrinsic merits, the sensor promises to be a practical tool for on-site monitoring of molybdate. In terms of methodology, we consider other targets can also be detected by this strategy if they can selectively mediate the formation of I 2 under given conditions. From the perspective of principle, we proposed a mechanism for the triiodine-mediated oxidation of gold, which gives a good supplement to the recent report about tribromide-mediated oxidation of gold nanorods.
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